A t the p re se n t o p e ra tin g te m p e ra tu re o f p re s s u ris e d w a te r re a c to rs (a p p ro xim a te ly 600* F ), Z irc a lo y -2 m eets m ost of the re q u ire m e n ts fo r a fu e l cladding m a te ria l. How ever, h ig h e r re a c to r te m p e ratu re s w ould re s u lt in m o re e ffic ie n t designs and provide cheaper nuclear power. A t te m p e ra tu re s not much above 6 0 0 *F, Z irc a lo y -2 has inadequate c o rro s io n re s is ta n c e and lacks d e s ire d stre n g th as a fu e l c la d d in g . W ith the need fo r im p ro v e d s irc o n iu m a llo ys apparent, th is p ro g ra m has the o bjective o f developing a llo ys m a rk e d ly s u p e rio r to those c u r r e n tly available. S p e c ifi c a lly , th e a llo y s to be developed should possess e x c e p tio n a lly good c o rro s io n re s is ta n c e to 680*F w ate r o r 7 5 0 *-9 0 0 *F steam a n d /o r should e x h ib it i m p ro ve d stre n g th at elevated te m p e ra tu re s .
D uring the past decade, co n sid e ra ble re s e a rc h and developm ent e ffo rts w e re c a rrie d out on s irc o n iu m . H ow ever, the re la tiv e ly im m e d ia te In m o re re c e n t years, c o m p a ra tiv e ly higher co n c e n tra tio n s of a llo y in g elem ents w e re em ployed in developm ent p ro g ra m s . V e ry fe w o f these p ro g ra m s s y s te m a tic a lly in ve stig a te d b in a ry a llo y s which m ig h t then be used fo r developm ent o f te rn a ry , quaternary, and h ig h e r o rd e r c o m p o s itio n s . As a re s u lt, c o r ro s io n d a ta on b in a ry c o m p o s itio n s --o th e r than f o r r e la tiv e ly d ilu te a llo y s --re m a in inco m p lete . A lthough some v e ry p ro m is in g com positions have r e su lte d fr o m past w ork, no s ig n ific a n t im p ro v e m e n ts o ve r Z irc a lo y w e re a chieved fo r higher te m p e ra tu re operation.
In the p r e s e n t p ro g ra m , a c o m p a ra tiv e ly U r g e -s c a le . b in a ry a llo y c o rro s io n s c re e n in g in v e stig atio n haa b e e n c a r r ie d out. U ltim a te ly , th e d a ta obtained on b in a ry co m positions sh o u ld p ro v id e te r n a r y b e e e e and in d ic a te the e le m e n ts h av in g a b eneficial e ffe c t on c o rro e io n r e s is ta n c e . By th is p ro c e d u re , it is h o p ed that a m ajo r im p ro v e m e n t over Z irc a lo y w ill r e s u lt.
At the b eg inning of th is p ro g ra m , an In te rim R e p o r t^ w u p r e p a r e d s u m m a ris in g c u r r e n t w ork on d ev elo p m en t of im p ro v ed tirc o n iu m a llo y s . In fo rm atio n w as obtained by c o n ta c t w ith in v e stig a to re in th is field and u se d for planning th e binary alloy c o r r o s io n scree n in g p r o g r a m . In ad d itio n , a good p ic tu re of the p re se n t s ta te of sirc o n iu m allo y d ev elo p m en t w as obtained. In s u p e rh e a te d w ater, fo r e x a m p le , p re lim in a ry d a ta in d icate th a t so m e alloys p o s s e s s c o rro s io n r e s is ta n c e a n d /o r s tre n g th s u p e r io r to Z irc a lo y -2 . H ydrogen p ickup during c o r r o s io n s e e m s to be th e fa c to r lim itin g a c c e p ta b ility ; th e phenom enon and all lie ra m ific a tio n s a r t not fu lly u n d e r sto o d . In su p e rh e a te d s te a m , ex pecially a t 9 0 0 -1 0 0 0 * F, no a llo y s e e m s to p o s s e s s the re q u ire d c o r r o s io n re s is ta n c e , s tre n g th , and m in im u m hydrogen p ic k u p .
I!. SCOPE O F INVESTIGATION
D uring th e in itia l planning s ta g e o f th is p ro g ra m , s e v e r a l a re a s of r e s e a r c h w ere c o n c e iv e d --n a m e ly , b in a ry a llo y s , te r n a r y and h ig h e r o rd e r a llo y s , effects of h e a t tre a tm e n t on c o rro s io n re s is ta n c e , m e c h a n ic a l p ro p e rty d e te rm in a tio n , s irc o n iu m p u rity e ffe c ts and p ick u p of c o rro s io n h y d ro g en .
At th is w ritin g , two m o re m o n th s of e x p e rim e n ta l w o rk re m a in .
O f th e s ix a r e a s o u tlin e d above, studies a r e p ro c e ed in g in a ll but th e la s t Considerable if tort wot dsvotsd toward Avoiding duplication ol work dons by other organlaations.^ how tvtr, a numbsr of Alloying Additions previously shown to be beneficial wsrs smploysd. A number ot Additives wore chosen by their relationship within the periodic Uble to beneficial elements, lb addition, some compoeitions wort chosen bee suss ol incomplete invest! -gstion, And others were selected lor the fundamental knowledge ol their offset on corrosion behavior.
B.
Ternary and Higher Order Alloys Basically, the choice ol ternary alloy■ should be guided by corrosion data on binary alloys. In this way, ths most logical and direct approach to successful alloys can proceed. However, an investigation^ of ths sirconlum-nioblum system indicated that a corrosion minimum might exist at ths composition Zr-2ftNb. Because ol this possible attractive cor rosion behavior as well as ths possibility of retaining ths beta phase, ths lollowing ternary alloys ware prepared for initial study; Zr-25Nb-l(Sn, Sb. Cr, V, Fa, Ca, Pd) On Ik * kno t* e l t k t t work, in v e ttlg s iio n el s in o n te m p u rity effects on «*r» fusion r i i n u i u ' * h i conceived, P rom ising elloy* weald bt prupered fro m exceedingly Mgk "pa rity iodide tirc e m a m .
K. Hydrogen Pickup IX irin t Corrosion
In recent peer*. tke problem of Hydrogen pickup durum ro tte n ond subsequent concent ro tte n by tk trm o i g re d ie n t* ke* received con* « i4 tr« b lt ettention, I f f ^ Tko possible em brittlem ent seeempenytng Hydrogen pickup could bo th# * ll ml noting le c to r in tc c e p fib ility of on elloy* T k t in ve st*» lo tio n ol hydrogen pickup provide# o thorough enelysie of tko factors involved in c o rro sio n . Therefore Ikio le c to r w ilt ke evelusted on s llty e sshtbtttng prom ising co rro sio n behsvtor.
F. Mocknnicnl Properties
Strength, ductility* im pect re silie n ce , end othsr msckenicol No ch em ical a n a ly s is is p re s e n tly a v a ila b le , but th e lo w e r h a rd n e s s in d ic a te s a h ig h e r p u rity le v el than th a t of th e sponge m elting s to c k .
B. F a b ric a tio n
A lloys of 100 g ra m s w e re p re p a re d by a c c u r a te ly weighing com ponents on an a n a ly tic a l b a la n c e follow ed by n o n co n su m ab le a r c m eltin g .
An 80 0 -am p w elding g e n e ra to r p o w e rs th e a rc -m e ltin g fu rn a c e which em ploys The " c a n " is s e a le d by h c lia rc -w e ld in g th e ed g es. 4. R o ll to 0 .1 5 7 inch th ic k a t 1550*F using a 10 p e r c e n t re d u c tio n p e r p a s s . T o ta l tim e a t 1550*F is about 4 h o u rs .
5. A nneal and w ork below tra n s fo rm a tio n te m p e r a tu r e s . F o r a l l a llo y s except Z r-N b , a n n e a l 1 h o u r a t 1350*F, r o ll a t th is te m p e ra tu re to 0. 110 thick, u sin g 10 p e r c e n t re d u c tio n p e r p a s s . A n n eal 1 hour a t 1350*F, and a i r c o o l. F o r Z r-N b a llo y s , u s e 1090*F in s te a d of 1350*F.
Since c o r r o s io n re s is ta n c e is u s e d a s the in itia l c r i t e r i o n of a c c e p ta n c e , c o rro s io n coupons (a p p ro x im a te ly 5 /8 x 1 x 0. 043 in ch ) a r e p r e p a r e d fro m a s -r o l l e d s h e e t. The s te e l ja c k e t is s trip p e d off ( F ig u re 1), a n d slig h tly o v e rs iz e c o r r o s io n sp ec im e n s a r e c u t fro m the c e n te r of th e s h e e ts.
(T he m a te ria l re m a in in g c a n be u se d fo r a n o th e r c o rro s io n sp e c im e n , a te n sile sp e c im e n , and m e ta llo g ra p h ic s p e c im e n s .) T h e s u rfa c e s and e d g es a r e m illed to re m o v e any iro n c o n ta m in a tio n (th ic k n e ss of sp ec im e n is a p p ro x im a te ly 
C. C o rro s io n T e s tin g
The te c h n iq u e s em ployed in p r e p a r in g sp e c im e n s fo r au to clav e te s tin g a s w ell a s a c tu a l te s tin g p ro c e d u re s h a v e c lo s e ly follow ed s p e c ific a tio n s ( in th e ra n g e of 1-2 m illio n o h m -c e n tim e te rs . The w eight g a in s of th e se five sp e c im e n s w e re c o n s is te n t w ith c o r r o s io n d a ta supplied by W estin g h o u se on th is p a r tic u la r h e a t of Z irc a lo y -2 .
F o r te s tin g in steam , a s ta t ic a tm o sp h e re is m a in ta in e d by ' m ean s of two in te rc o n n e c te d a u to c la v e s a s s c h e m a tic a lly show n in F ig u re 2.
C ue a u to clav e a c ts a s a s te a m g e n e r a to r and re s e r v o ir , an d th e o th e r s e rv e s a s the te stin g c h a m b e r. A 7 -d a y t r i a l r u n on five s p e c im e n s of Z irc a lo y -2 w as c a r r ie d out a t 750* F and 1500 p s i p r e s s u r e . The w eig h t g a in s a g re e d
*vith th o se p re v io u s ly d e te rm in e d a t B e ttis .
IV. RESULTS

A. F a b ric a tio n an d M ic ro s tru c tu re
T h e fa b ric a tio n te c h n iq u e s u s e d in p ro d u cin g s h e e t fro m the a r cm e lte d ingots w e re g e n e ra lly s a tis f a c to r y fo r a ll c o m p o sitio n s. T h e re w ere, n e v e rth e le s s , a few notable ex cep tio n s, e s p e c ia lly in a llo y s co n tain in g high so lu te c o n c e n tra tio n s . T he ro llin g p ro c e d u re w as, w ithin lim its of p h a s e eq u ilib ria , su c c e ss fu l in p ro d u c in g a " c o n sta n t" m ic r o s tr u c tu r e fo r a l l sp e c im e n s.
M ost of the e q u ilib riu m d ia g ra m s a r e th e b e ta -e u te c to id ty p e h av in g e s s e n tia lly F ro m the standpoint ol corrosion resistance, sirconium alloys a re evaluated by weight gain and appearance of the oxide coating. (Hydrogen pickup during co rro sio n has been used in other investigations as a screening test; however, in this program it will be used in final evaluation ol prom ising com positions.) In gansral, co rro sio n specimens having a low weight gain will also have the d esirable black, lustrous, adherent oxide coating. In a relativelyshort tim e te st, however, the form ation of a white oxide coating will indicate a poor epecim en reg ard less of the initial weight gain. The appearance ol the oxide coatlnge form ed on sirconium alloys during water corroaion ie re p re sented in F igure ft. Specimens I and 2 represent extrem ely poor resistance to 680*F w ater having both high weight gains and heavy, white oxide coatings.
Specimen 3 shows ths first signs of form ation of ths white oxide coating, and epecimen 4 has a gray, tanacioue coating and a high weight gain. Possibly with ths exception of specimen 4, th-, appearance of the oxide alone would be sufficient evidence for rejection of these compositions. Specimen 5 has a lustrous, hsavy, black oxide coating (not brought out well in photograph) and is rsjacted sim ply for the high weight gain. Specimen 6 rep resen ts the d e sired specim en appearance--a lu stro u s, thin, black, tenacious coating. Table II presents weight gain data on alloys considered to be prom ising. Initially, all compositions wars exposed to 680* F water for 168 hours; ra th e r than list every weight gain, only the data for alloys initially considered acceptable a re presented. The remaining com positions, after 168 hours, showed either extrem ely high weight gaine, whitening of the oxide coating, an d /o r spalling and disintegration. These specim ens were e lim i nated from fu rth er testing, and the alloys listed were fu rth er exposed to 355
hours. At th is point, compositions m arked with an a s te ris k in Table II showed rela tiv e ly high weight gains and whitening of the oxide coating. They were no longer considered prom ising a llo ts in the a s -ro lle d condition, and ware not fu rth e r tested. Oxide appearance on zirconium alloy corrosion specimens (680*F water).
1. Zr-3Ta: heavy, white, spalling coating--extremely poor corrosion resistance.
2. Zr-3Ge. white, adherent coating--very poor corrosion resistance.
3. Zr-5Nb: limited stage of white oxide formation--poor corrosion resistance.
4. Zr-3Ni: gray, adherent coating--high weight gain, poor corrosion resistance.
5. Zr-3Bi: heavy, black, lustrous,'coating--high weight gain, poor corrosion resistance.
6. Zircaloy: thin, black, lustrous, adherent coating--low weight gain, good corrosion resistance.
-16 -ARF 2198-13 The re m a in in g co m p o sitio n s of T a b le 11 w ere r e tu r n e d to 680* F w a te r fo r ad d itio n al te s tin g . T able III p r e s e n ts th e r e s u lts a fte r a to ta l ex> A lthough data a r e n ot y e t a v ailab le , th e c o m p o sitio n s p re s e n tly being te ste d a r e s u m m a riz e d in T a b le V. It is a n tic ip a te d th a t a few a llo y s w hich did not p o s s e s s ex cep tio n al c o r r o s io n b eh av io r a t lo w er te m p e ra tu re s m a y exhibit s u p e r io r c o rro s io n r e s is ta n c e a t .900*F.
C. H eat T re a tm e n t
The in itia l study of the e ffe c t of h e a t tre a tm e n t on c o rro s io n r e s is ta n c e w ill involve te s tin g of an allo y in th e re ta in e Q uenching stu d ies w e re c a r r i e d out on a s e r i e s of zirco n iu m alloys co n tain in g 0. 5 -50 w /o Nb. T h e com p o sitio n s of 25% Nb and below contain u n id e n tifie d " m a rk in g s" a s shown in F ig u re 9. T h e s e p la te le ts have been o b s e rv e d in p a s t in v e stig atio n s and have n ev er b e e n s a tis fa c to rily ex plained. T he r e c e n t in v estig atio n of Lundin and C o x^*^s ta te s th a t the p la te le t p h ase is th o u g h t to be a m e ta sta b le tra n s itio n a l p h ase fo rm e d a t th e m onote cto id te m p e r a tu r e . At any ra te , th e 30% Nb alloy did not show th e se m a rk in g s a fte r quenching and h ad a c le a n , fu lly -re ta in e F u rth e r, the sh a p e of the tim e -te m p e r a tu r e -tr a n s f o r m a tio n d ia g ra m is such th a t h ig h er te m p e r a tu r e te stin g w ould a ctu a lly p ro lo n g re te n tio n of beta. F ig u re |2 ; how ever, ons h a d e x c e p tio n a lly c le a n g r a in s and a co m p le te la c k of th e p e p p e r -lik e p r e c ip ita te . T he h a rd n e ss of th is sp ec im e n w as 69 VHN (a p p ro x im a te ly 20 points lo w e r than the o th e rs ), but c h e m ic a l a n a ly s is d id not r e v s a l any sig n ific a n t im p u r ity d iffs re n c s s . M o st im p o rtan t, h o w e v sr.
th is c le a n , lo w -h a rd n e ss, p r e c ip ita te -f r e e s p e c im e n show ed en hanced c o r ro s io n r e s is ta n c e in a p r e lim in a r y te st.
At the tim e th is e le c tro n -b e a m re fin in g w as c a r r ie d out. th e fu rn a c e le a k r a ts and a tm o s p h e re w as not as good, in g e n e r a l.a s c an p r e s e n t ly be o b ta in e d . ... .
-t-' T r f-iri**-----^, -i f^7 f' l i^t f i l l h t t wftft~'^:^v:'iT ll i l T l i i i i f i r T i f
F ig u re 12 A r c ' m e lte d iodide s irc o n iu m show ing g e n e r a l " p e p p e r-lik e " p r e c ip ita te in a lp h a -p r im e m a trix . U nidentified* black* n e e d le -lik e m a rk in g s a p p e a r to be m e c h a n ic a l tw in s. S u b g ra in s a r e a p p a r e n t.
E tch a n t: 1 H F, 1 HNOj, 3 g ly c e rin . M o re o v er, at h ig h e r te m p e ra tu re s , tin s e r io u s ly re d u c es c o r r o s io n r e s is ta n c e . In th e s e p a s t in v e stig atio n s, h o w e v e r, a m axim um of on ly 1.5 p e r c e n t tin was in v e stig a te d ; fro m the p re s e n t d a ta , la rg e p e rc e n ta g e s of tin a p p e a r to im p ro v e c o r r o s io n re s is ta n c e a t high te m p e ra tu re s r a t h e r th an a d v e rs e ly a ffe ct r e s is ta n c e . In addition, an a llo y containing a r e la tiv e ly high p e rc e n ta g e of tin would be expected to p o s s e s s im p ro v ed h ig h -te m p e ra tu re stre n g th p ro p e rtie s .
V anadium an d antim ony a llo y s a ls o showed in te r e s tin g c o rro s io n b e h a v io r. C o m p o sitio n s containing 0 .2 5 an d I p e r cen t v a n ad iu m in itia lly a p p e a re d a cc e p ta b le in 680*F w ater; h o w e v e r, with h ig h er v a n ad iu m co n ten ts, c o rro s io n r e s is ta n c e w as e x tre m e ly p o o r. In stea m , a s u r p r is in g ly low c o r r o s io n -r a te m in im u m o c c u rs at 1 p e r c e n t vanadium w hich in d ic a te s the p o s sib ility for f u r th e r developm ent to a s te a m c o rro s io n r e s i s t a n t alloy.
P o w e rs and B ibb**^ have pointed out s im i l a r i t i e s to the p r e s e n t b eh av io r; th e y o b serv ed a b in a ry vanadium alloy fo p e r f o r m well in s te a m b u t not in w a te r. B in ary c o m p o sitio n s containing up to 4 p e r cent a n tim o n y exhibited good in itia l w a te r c o r r o s io n re s is ta n c e ; ho w ev er, h ig h er p e rc e n ta g e alloys w e re u naccep tab le. P o w e rs and B ibb**^ h av e o b serv ed s im ila r b eh av io r.
In 750* F ste sm , Z r -0 . 25Sb was e x tre m e ly p o o r, but Z r -lS b w as c o m p a ra b le to Z irc a lo y -2 . As the antim ony content in c re a s e d , w eight g a in w as p r o g r e s s iv e ly h ig h e r. S in c e antim ony is a n a lp h a -s ta b ilis e r , it h a s c o n sid e ra b le a ttra c tiv e n e s s fo r d ev elo p m en t of im p ro v e d stre n g th , c o r r o s io n -r e s is t a n t sirc o n iu m a llo y s. As p rev io u sly m en tio n ed , o th e r in itia l p ro m is in g com po s itio n s a r e s u m m a ris e d in T a b le s 11, 111, IV, and V. th e f i r s t fo u r can be c la s s ifie d ss d e v e lo p m e n ta l, w hereas th e la tte r two (h yd ro g e n p it kup d u r in g c o r ro s io n and m e c h a n ic a l p r o p e rtie s ) a re c o n sid e re d a c c e p ta b ility te s ts d u r in g the c u r r e n t y e a r. B y the s tr u c tu r e o f th is p ro g ra m ,
c o r r o s io n re s is ta n c e is being used as th e in it ia l c r it e r io n f o r acceptance, and w o rk ie in it ia lly c o n c e n tra te d on th e f i r s t fo u r to p ic s . A fte r data a re a ccu m u la te d w h ich ir v lic a ts good a llo y s , a c c e p t a b ilit y te s ts a re in itia te d . C o rro s io n h ydrog en p ic k u p and m e c h a n ic a l p r o p e r ty d e te rm in a tio n s a r e re c o g n is e d as used fo r d e s ig n of te r n a r y and h ig h e r o rd e r a llo y s. D us to the la rg e n u m b e r of a llo y s u n d e r in v estig atio n , th e w ide w ork scope of th is p ro g ra m , and th e fact th a t e x p e rim e n ta l w ork is s t i l l in p ro g re s s , no f in a l c o n clu sio n s c a n be p re s e n te d a t th is tim e . H e su lte to date, how ever, in d ic a te th a t som e o r i g i nal c o n c e p ts u s e d in planning th is p r o g r a m a r t m a n ife s te d by e x p e rim e n ta l d ata. In p a r tic u la r , th s e n c o u ra g in g tre n d in c o r r o s io n b eh av io r of r e l a tiv e ly h ig h -p e rc e n ta g e tin a llo y s in 7,*0#F ste a m o f f e r s su p p o rt for in v e s ti 
